The recently developed CARD-FISH protocol was refined for the detection of marine Archaea by replacing the lysozyme permeabilization treatment with proteinase K. This modification resulted in about twofold-higher detection rates for Archaea in deep waters. Using this method in combination with microautoradiography, we found that Archaea are more abundant than Bacteria (42% versus 32% of 4,6-diamidino-2-phenylindole counts) in the deep waters of the North Atlantic and that a larger fraction of Archaea than of Bacteria takes up L-aspartic acid (19% versus 10%).
Over the past decade, our knowledge of the phylogenetic composition of marine prokaryotic communities, including those inhabiting the deep ocean, has increased considerably due to the application of molecular tools such as fingerprinting techniques, cloning, and sequencing (7, 9, 10, 12, 20, 21) . Fluorescence in situ hybridization (FISH) can directly assess the abundance of specific prokaryotes, but it frequently yields a very low recovery of Bacteria and Archaea compared to the total number of 4Ј,6Ј-diamidino-2-phenylindole (DAPI)-stainable cells (3) . Only recently, the use of polynucleotide probes allowed the assessment of the abundance of Bacteria and Archaea in the meso-and bathypelagic waters of the Pacific (18) and in Antarctic marine waters (5) . These authors found that the relative abundance of Crenarchaea increased significantly with depth, comprising up to 39% of total picoplankton cells down to 500 m, whereas the abundance of Euryarchaea was very low (Ͻ10%) throughout the water column. By contrast, very little is known about the metabolic function of specific prokaryotic groups in natural conditions (6, 23) . The combination of fluorescence in situ techniques and microautoradiography has been used to determine the specific uptake of a given substrate in natural assemblages (6, 8, 14, 15, 19, 22, 23) but, to our knowledge, never in the deeper layers of the ocean (below 200 m).
The recently developed catalyzed reporter deposition FISH (CARD-FISH) method allows the use of oligonucleotide probes labeled with horseradish peroxidase (HRP), resulting in a sensitivity comparable to that of polynucleotide probes (25) . The original CARD-FISH protocol included a permeabilization step for prokaryotic cells that uses lysozyme. However, archaeal cell walls do not contain murein (16, 17) , rendering archaeal cells insensitive to lysozyme.
In this paper we describe a modified CARD-FISH protocol for more efficient detection of marine Archaea, replacing the lysozyme permeabilization treatment with a proteinase K treatment. We further combined the CARD- Incubations were terminated by adding paraformaldehyde (final concentration, 2%), and the samples were stored at 4°C in the dark for 12 to 18 h. Fixation times of more than 3 h minimize the amount of tritium-labeled compounds leaking from the cells (22) . Thereafter, samples were filtered through 0.2-m-pore-size polycarbonate filters (Millipore) supported by cellulose acetate filters (0.45-m pore size; Millipore), washed twice with Milli-Q water, dried, and stored at Ϫ20°C until further processed.
CARD-FISH. Filters were dipped in low-gelling-point agarose (0.1% [wt/vol] in Milli-Q water), dried upside down on a glass petri dish at 37°C, and subsequently dehydrated in 95% (vol/vol) ethanol. For cell wall permeabilization, filters were incubated either with lysozyme (catalogue number 7651, 10 mg/ml; Sigma) or with proteinase K (1,844 U/mg, 10.9 mg/ml, catalogue number 82456, 0.2 l/ml; Fluka) solution (0.05 EDTA, 0.1 Tris-HCl [pH 8]) at 37°C for 1 h. Subsequently, the filters were washed three times with Milli-Q water and incubated in 0.01 M HCl at room temperature for 20 min. Incubation in HCl inhibits potentially present intracellular peroxidases and proved to also effectively inhibit residual proteinase K. Previous attempts to use proteinase K treatment to detect Archaea failed (26) , probably because of the incomplete inactivation of the proteinase K after the permeabilization step. Complete inactivation of proteinase K is of crucial importance to avoid degradation of the HRP linked to the oligonucleotide probe. After incubation in HCl, filters were washed twice with Milli-Q water, dehydrated with 95% ethanol, and dried at room temperature.
Filters were cut in sections for hybridization with the oligonucleotide probes Eub338 (targeting Bacteria), Non338 (1), Cren537 (5Ј-TGACCACTTGAGGTGCTG-3Ј; targeting Crenarchaea), and Eury806 (5Ј-CACAGCGTTTACACCTAG-3Ј; targeting Euryarchaea). The probes target the same cells as the polynucleotide probes used in previous studies (11, 18 (24) . Sections were then placed in phosphate-buffered saline (PBS) (145 mM NaCl, 1.4 mM NaH 2 PO 4 , 8 mM Na 2 HPO 4 [pH 7.6]) amended with 0.05% Triton X-100 (PBS-T) at room temperature for 15 min. After removal of excess buffer, the filter sections were immediately transferred to a 1.5-ml reaction vial containing 493 l of amplification buffer (10% [wt/vol] dextran sulfate, 2 M NaCl, 0.1% [wt/vol] blocking reagent, and 0.0015% H 2 O 2 in PBS) and 5 l of tyramide-Alexa488 (1 mg/ml) and incubated at 37°C for 30 to 40 min. H 2 O 2 was freshly prepared daily. Alexa dyes are more photostable than Cy dyes (2). After amplification, filters were washed in PBS-T (room temperature, 15 min), Milli-Q water, and 95% ethanol. Finally, filter sections were air dried and stored at Ϫ20°C until further processed.
Microautoradiography. In the darkroom, kept at 15°C, the photographic emulsion (type NTB-2; Kodak) was melted in a water bath set at 43°C for 1 h. Afterwards, the emulsion was mixed with ultrapure water (Sigma) in a 1:3 (vol/vol) ratio, divided into small aliquots (10.5 ml each), and stored at 4°C. Each aliquot was melted only up to three times to avoid high background levels of silver grains. The previously hybridized filter sections were transferred onto slides coated with photographic emulsion. Subsequently, the slides were dried on icecold aluminum plates for 5 min. Coating of the slides was done in complete darkness. The transfer of the filter sections into the emulsion was done under a 15-W lamp using a safelight red filter (Hama-8194). The slides were then placed in a light-tight box with silica gel as a drying agent and kept at 4°C for exposure. The slides were developed and fixed using the specifications of Kodak. Before the slides were completely dry, filter sections were peeled off and the cells were counterstained with a DAPI mix (5. (Fig.  1) . The percentage of cells with attached silver grains increased nearly linearly from 0 to 24 h. Thereafter, the number of active cells detected by microautoradiography did not further increase. Consequently, we routinely used an exposure time of 36 to 48 h.
The slides were examined under a Zeiss Axioplan 2 microscope equipped with a 100-W Hg lamp and appropriate filter sets for DAPI and Alexa488. The presence of silver grains surrounding cells was checked by using the transmission mode of the microscope (4). In the killed controls, less than 0.5% of the total DAPI-stained cells were associated with two or more silver grains. More than 800 DAPI-stained cells were counted per sample. The paired t test was used for mean comparison after confirming the normal distribution of the data set.
The percentages of DAPI-stainable cells detected with the specific archaeal probes were significantly higher (t test; P Ͻ 0.0001; n ϭ 20) with proteinase K than with the lysozyme treatment (Fig. 2) . The mean percentage of DAPI-stainable cells identified as Euryarchaea was 14% Ϯ 2% (Ϯ standard error) with lysozyme and 30% Ϯ 2% with proteinase K. Similarly, the Crenarchaea detection rate was 18% Ϯ 2% with lysozyme and 35% Ϯ 5% with proteinase K. Negative control counts (hybridization with the Non338-HRP probe) were on average 1% Ϯ 0.2% with proteinase K and 0.5% Ϯ 0.3% with lysozyme.
Using polynucleotide probes to enumerate Euryarchaea in coastal and open oceanic waters yielded only Ͻ10% of DAPIstained cells (5, 11, 18) , which is similar to the euryarchaeotal abundance we detected with the lysozyme treatment but substantially lower than that obtained with the proteinase K permeabilization.
Proteinase K treatment of Bacteria using the Eub338 probe did not yield higher bacterial numbers than the lysozyme treatment (data not shown) but led to a certain disruption of bacterial cells at proteinase K concentrations used for Archaea. No disruption of archaeal cells was observed, however, even at higher concentrations than used routinely. The disruption of bacterial cells did not affect the fluorescence of the DAPIstained cells. Thus, to enumerate Bacteria, lysozyme permeabilization was used. As previously reported (26), we did not detect a significant cell loss in agarose-embedded samples after an incubation period of 1 h either with lysozyme or with proteinase K. There was no significant difference detectable between total DAPI counts in samples treated with lysozyme or proteinase K (t test; P ϭ 0.455; n ϭ 43).
We applied this procedure to samples collected in the North Atlantic (Fig. 3A) . The percentage of Bacteria decreased with depth, whereas Crenarchaea abundance increased with depth. This pattern of abundance was similar to that seen with polynucleotide probes (18) . The total DAPI-stained cells detected with the three oligonucleotides averaged 71% (Ϯ2%) and is similar to that obtained with polynucleotide probes (5, 18) .
Although microautoradiography has been previously combined with FISH techniques (6, 8, 14, 15, 19, 23) , to our knowledge, this is the first attempt to combine microautoradiography with CARD-FISH. Prior to combining the two techniques, we checked for possible effects of the different permeabilization treatments on the development of silver grains associated with DAPI-stained cells taking up L-Asp. No significant differences were found in the percentage of cells taking up Asp between untreated and lysozyme-treated samples (t test; P ϭ 0.73; n ϭ 7). Treatment with proteinase K could a priori be more problematic given the lower specificity of proteinase K than of lysozyme; however, no significant differences were found between the numbers of active cells in samples treated with lysozyme and those treated with proteinase K (t test; P ϭ 0.78; n ϭ 17). We used MICRO-CARD-FISH for the detection of specific L-Asp uptake by Bacteria and Archaea. A previous work combining microautoradiography and FISH showed that marine Archaea from a 200-m depth took up L-amino acids (23) . At the base of the euphotic zone, at a 100-m depth, the percentages of Bacteria and Archaea taking up L-Asp were similar (ϳ33%). In deeper waters, however, a higher proportion of Archaea (16 to 24%) took up L-Asp than Bacteria (ϳ10%) (Fig. 3B) .
The percentage of total DAPI-stained cells taking up L-Asp ranged from 2 to 40%, which is in contrast to the rather high percentage of detection of DAPI-stained cells with CARD-FISH (Eub338 plus Cren537 plus Eury806; range, 40 to 102%). Such disagreement was also reported by others (6, 13, 14, 15, 23) and has given rise to a discussion of the limitation of microautoradiography for detection of active cells. On the one hand, prokaryotes with uptake rates below a certain threshold might not be detectable with microautoradiography. On the other hand, uptake rates for different compounds can greatly vary among different prokaryotic groups and environments (6) . Despite the potential limitations inherent in microautoradiography, our results suggest that Archaea could play a major role in the oceanic biogeochemical cycles and indicate the great potential of the described MICRO-CARD-FISH approach for studying specific substrate uptake by prokaryotes in the deep ocean.
